A coupled thermal, hydrologic and mechanical (THM) analysis is conducted to evaluate the impact of coupled THM processes on the performance of a potential nuclear waste repository at Yucca Mountain, Nevada. The analysis considers changes in rock mass porosity, permeability, and capillary pressure caused by rock deformations during drift excavation, as well as those caused by thermo-mechanically induced rock deformations after emplacement of the heat-generating waste. The analysis consists of a detailed calibration of coupled hydraulic-mechanical rock mass properties against field experiments, followed by a prediction of the coupled thermal, hydrologic, and mechanical behavior around a potential repository drift. For the particular problem studied and parameters used, the analysis indicates that the stress-induced permeability changes will be within one order of magnitude and that these permeability changes do not significantly impact the overall flow pattern around the repository drift.
INTRODUCTION
In the last few decades, extensive scientific investigations have been conducted at Yucca Mountain, Nevada, to explore whether the site is suitable for geological disposal of nuclear waste . Comprehensive field investigations have been accompanied with numerical modeling to improve the understanding of processes underlying field observations and to predict future conditions at a potential nuclear waste repository. If constructed, a repository would be located in unsaturated rock, several hundred meters above the groundwater table, at a depth of about 300 meters below the ground surface. From this location, radioactive nuclides could only reach the ground surface through transport with the ambient water flow as a solute. First, the solute would have to migrate several hundred meters downward through unsaturated rock masses along with gravity-driven water flow down to the water table. From there, it would have to be transported over a long distance in the saturated zone to possibly reach a downstream ground surface discharge area or shallow drinking water aquifer.
Calculations of radioactive nuclide transport from a potentially damaged waste canister (in an emplacement drift of the repository) through both unsaturated and saturated fractured rock masses, requires an evaluation of the impact of coupled thermal, hydrologic, and mechanical (THM) processes. Radionuclide transport obviously has a direct and strong coupling with hydrologic processes, because the contaminant can only migrate over long distances with the ambient water flow. The most important effect (potentially) of mechanical processes is an indirect coupling through stress-induced changes in porosity, permeability, and capillary pressure. Such changes can affect groundwater flow, and hence indirectly, the transport of radioactive nuclides.
In this paper, a fully coupled THM analysis is conducted to investigate the impact of hydromechanical (HM) coupling on the flow around a repository drift at Yucca
Mountain. The objective is specifically to provide insight into how drift excavation and heat output from the emplaced waste affect the hydraulic properties of the rock mass and thus affect the magnitude and spatial distribution of percolation flux in the unsaturated zone. For this analysis we use a newly developed simulator TOUGH-FLAC ) for modeling of coupled THM processes under multiphase flow conditions. This analysis consists of a calibration phase and a prediction phase (Figure 1 ). In the calibration phase, the needed hydromechanical rock mass properties are determined by numerical calibration analysis against several field experiments conducted in the Exploratory Studies Facility (ESF) at Yucca Mountain. In the prediction phase, simulation of THM processes near an emplacement drift of a potential repository is conducted. The result of the THM simulation is compared to the result from a pure TH calculation, thereby enable us to evaluate the impact of the HM coupling (e.g., stressinduced permeability changes).
APPROACH
The two computer codes TOUGH2 (Pruess et al., 1999) and FLAC3D (Itasca Consulting Group, 1997) have been coupled together for the analysis of coupled multiphase flow, heat transport, and rock deformations in fractured porous media . The TOUGH2 code is designed for geohydrologic analysis of multiphase, multicomponent fluid and heat transport, while FLAC3D is designed for rock and soil mechanics. TOUGH2 has been successfully applied in the Yucca Mountain project to predict temperature and moisture distribution of field experiments, including the Single Heater Test (Tsang and Birkholzer, 1999) and the Drift Scale Test (CRWMS M&O, 2000a) . FLAC3D has the capability to analyze coupled hydromechanical and thermomechanical responses of soil, rock, or other types of materials that may undergo plastic flow when their yield limit is reached. The codes are coupled through external modules: one that calculates changes in effective stress as a function of multiphase pore pressure and thermal expansion, and one that corrects porosity, permeability, and capillary pressure as a function of stress (Figure 2 ). Because these coupling functions are material specific, specially designed coupling modules have been constructed and qualified for Yucca Mountain.
At Yucca Mountain, the two stratigraphic units in which the emplacement drifts may be located (upper middle nonlithophysal (Tptpmn) and the lower lithophysal (Tptpll) units of the Topopah Spring Tuff) are both highly fractured and well-connected (CRWMS M&O 2000b) . In these rock units, three dominant sets of fractures are oriented almost orthogonal to each other, two subvertical and one subhorizontal, and the mean fracture spacing is around 0.3 to 0.4 meters (CRWMS M&O 2000c) . Previous analysis of thermal-mechanically induced displacements at two major heater tests at Yucca Mountain has shown that mechanical deformations in the rock mass can be reasonably well captured with a linear-elastic or nonlinear-elastic mechanical model (Sobolik et al., 1998 and CRWMS M&O, 1999a) . This implies that the bulk-rock mass behavior is essentially elastic, although locally a small slip may occur on fracture planes. Next to the drift wall, on the other hand, more significant inelastic shear slip or tensile fracturing may occur because of the strong stress redistribution and a lack of confinement in that region ( Figure   3a ).
Because of the high density and connectivity of the fracture network, the conceptual model used is a dual-permeability continuum model with interacting fractured and matrix continua. To couple changes in the three-dimensional stress field to rock mass permeability, a cubic-block conceptual model is utilized (Figure 3b ). Using this model, the porosity, permeability, and capillary pressure in the fractured continuum are corrected for any change in the stress field according to:
where F denotes various correction factors and subscript i denotes initial conditions. The porosity and permeability correction factors are calculated from the initial and current apertures in fracture set 1, 2, and 3 according to: 
where fractures in fracture sets 1, 2, and 3 are assumed to be equally spaced and oriented normal to x, y, and z direction, respectively, and a parallel-plate fracture flow model (Witherspoon et al., 1980 ) is adopted. The capillary pressure is corrected with porosity and permeability changes according to the Leverett (1941) function:
where,
In this study, the current fracture aperture b depends on the current effective normal stress, σ' n , according to the following exponential function :
where b r is a residual aperture, b m is "mechanical" aperture, b max is the maximum "mechanical" aperture, and α is a parameter related to the curvature of the function (Figure 4a ). This relationship can also be expressed in terms of an initial aperture, b i and changes in aperture, ∆b as:
where σ ni is the initial stress normal to the fractures. This expression can be inserted into Equation (5) to derive expressions for rock mass permeability correction factors in x, y and z directions.
For the linkage function from TOUGH2 to FLAC3D, the changes in effective stress caused by multiphase fluid pressure changes are neglected. This is a reasonable approximation considering that the fracture system is unsaturated, with a capillary pressure less than 0.01 MPa (Bandurraga and Bodvarsson, 1999) , which is several orders of magnitude smaller than the in situ stresses and expected thermal stresses at Yucca
Mountain. Thus, for the unsaturated zone at Yucca Mountain, mechanical processes such as excavation of drifts and thermo-mechanical processes caused by heating of the rock, can induce rock deformations, while the changes in pore fluid pressure are so small that they could not induce any significant deformations. Because the fractured porous media is always assumed to be in a static equilibrium, the three-dimensional stress field is the equivalent in the fractured and matrix continua. Therefore, a dual continuum model reduces to a lumped fracture-matrix continuum model (equivalent continuum model).
Furthermore, the significantly smaller stress-inducted changes in matrix porosity and permeability are neglected in this analysis.
MODEL CALIBRATION OF THE STRESS-PERMEABILITY FUNCTION
The parameters in the stress-aperture function (Equation 9 1) The residual hydraulic aperture, b r
2) The maximum "mechanical" aperture, b max
3) The exponent α
Three measurements in the Tptpmn unit are used to constrain the nonlinear function. The first data point is obtained from the initial hydraulic aperture (back calculated from the measured initial permeability in the Tptpmn unit) and initial stress (known from in situ stress measurements). The second point is obtained from air-permeability measurements conducted at the Drift Scale Test (Figure 4b ). In this test, the temperature in the rock increases up to 200 °C, inducing strong thermal stresses, that are expected to compress fractures to a smaller aperture. Air-permeability measurements show that the permeability decreases at most by a factor of 0.1 near the heated drift (CRWMS M&O 2000a) . This air-permeability decrease may partly be caused by increased moisture content in fractures and partly by thermo-mechanical fracture closure. A conservative assumption for the THM calculation is to take the measured reduction in permeability to be caused entirely by the thermal-mechanical effect, probably overestimating its impact for conservatism. Therefore, the residual apertures of the three fracture sets were calibrated to limit the permeability changes during closure to 0.1.
A third data point on the stress-aperture curve ( Figure 4 ) is obtained from numerical back-analyses of air-permeability measurements conducted at three excavated niches located in the Tptpmn unit ( Figure 1 ). These tests were conducted to study permeability changes near a drift wall caused by excavation effects (i.e., mechanical unloading of the rock mass near the drift wall causing fracture opening and consequently permeability increase). In the Tptpmn unit, the air-permeability was measured before and after excavation in 0.3-meter packer-isolated sections along three boreholes located about 0.65 meters above the niches (Wang and Elsworth, 1999) . The permeability was found to increase by a factor of 1 (no change) to 1,000 (an increase by three orders of magnitude)
averaging between one and two orders of magnitude (Figure 4b ). It was also found that permeability generally changes more in initially lower-permeability sections (Wang and Elsworth, 1999) . By model calibration against the field tests conducted in the Tptpmn unit, the stress-aperture parameters that govern the mechanical normal closure behavior were calibrated to: b max = 541.6 µm and α = 1.1×10 -6 1/Pa. Using these mechanical fracture parameters, the calibrated stress-aperture function was tested against a niche excavation experiment conducted in the Tptpll unit (Figure 1 ). In this unit the airpermeability changed upon excavation on average by factor of two to nine above the drift (2 m from the crown) and by a factor of less than two on the side of the drift (1.5 to 2 m from the edge of the drift). Modeling of this niche test was in good agreement with theses experimental results, indicating that the calibrated basic stress-aperture function is valid for both Tptpmn and Tptpll units.
The back-calculated stress-aperture parameters are included in the material properties for the coupled THM simulation listed in Table 1 . In the following prediction analysis, the "mechanical" characteristics of the fractures as defined by the parameters b max and α are assumed to be the same for fractures in all rock units, while the initial and residual apertures depend on respective-rock-unit initial permeability.
PREDICTION OF THM EFFECTS NEAR A POTENTIAL REPOSITORY
A coupled THM simulation was conducted on a vertical two-dimensional cross section representing the interior of a repository. The model domain is a multiple-layered column extending 717 meters vertically from the ground surface down to the water A yearly infiltration rate of 6 mm was applied at the ground surface. Horizontally, by symmetry, only half of the distance between two drifts (40.5 m) was modeled because the drift spacing is 81 m. Thus, the left boundary was at the middle plane vertically through a drift, and the right boundary was at mid-distance between two drifts. 
Excavation of the repository drift
The simulation was conducted by first excavating the drift and then emplacing a thermal waste canister into the drift. Excavation of the drift caused stress and permeability changes in the rock mass immediately around the drift. Most changes occured near the top and bottom of the drift, where the permeably increases by about one order of magnitude. Near the springline of the drift, vertical permeability increased while horizontal permeability decreased, resulting in much smaller changes in mean permeability. These responses are consistent with air-permeability measurements at the niches discussed in Section 3.
Temperature
After emplacement of the waste in the excavated drift, the temperature in the canister and drift wall rouse rapidly and peaked at about 55 years, a few years after the end of the force ventilation period (Figures 5 and 6a) . However, as shown in Figure 5 , the temperature in the rock mass away from the drift continues to rise and the mid pillar temperature peaks at slightly less than 100°C after 1,000 years. Figure 6b shows that at 1000 years, a substantial zone with temperatures at the boiling point developed and spread upwards towards the Tptpll rock unit located 55 to 90 meters above the repository level.
Thermal stress and permeability changes
The increased rock temperature caused thermal expansion of the rock mass with accompanying deformations and increased compressive stresses. The compressive stresses act across fractures, closing them to a smaller aperture with an associated decrease in permeability. At 10 years, this decrease is able to overcome the initial excavation-induced permeability increases, except possibly in areas very close to the crown of the drift (Figure 6a ). With time, the zone of decreased permeability propagates farther from the drift, and at 1,000 years it has reached several hundreds meters above the drift (Figure 6b ). In Figure 6b , there is a trend of little change in permeability in the Tptpll layer near the drift, to a larger change at 10 to 60 m above the drift, and to the largest change (k v /k i is about 0.1) in the layer about 65 to 85 m above the drift (1145 to 1165 m section in the figure) . The largest change, at the 1145 to 1165 m level, results from the initially lower permeability of the Tptpmn unit, which is expected to experience a larger permeability change factor.
Vertical versus horizontal permeability changes
In general, the calculation shows that the vertical permeability ( 
DISCUSSION OF RESULTS
The results of this model simulation indicate that the magnitude and distribution of percolation flux near a waste-emplacement drift are not significantly affected by stressinduced hydraulic property changes (Figure 8 ). Because the percolation flux is not significantly affected, the results for this particular problem do not indicate that HM coupling has a significant impact on the repository performance. This result obviously depends on how well we have represented the natural rock responses and especially how well we have represented the stress-induced hydraulic property changes. Two outstanding uncertainties in our modeling are related to inelastic mechanical behavior at the drift wall and the residual permeability at high compressive stresses. They are discussed in the remainder of this section.
Drift wall inelastic behavior
After emplacement of waste, a high heat load and strong temperature rise (above 100 °C)
will induce mechanical deformations near the drift wall, with associated fracture responses and permeability changes. A general increase in compressive stresses around the emplacement drift will tend to tighten fractures, resulting in a reduction of permeability. However, at the drift wall, high thermal stresses could induce inelastic behavior in the form of shear slip along pre-existing fractures or rock spalling due to development of tensile fractures, which could lead to increased permeability (Figure 3a ).
Blair (2001) obtained such an inelastic mechanical behavior and permeability increase, using a distinct element modeling approach. Our continuum modeling, on the other hand, did not indicate any significant inelastic shear or tensile failure at the drift wall, and consequently the permeability did not increase during heating. These apparent differences in model results can be explained by a distinct element model providing more freedom of loose block movements against the free wall surface, while such discrete movements are prevented in the continuum model. Furthermore, the material properties used in the two approaches are difficult to compare and there are considerable uncertainties in the estimate of for example the rock mass strength parameters. In this study the rock mass cohesion (2.6 MPa) and friction angle (57 °) are estimates based on empirical rock engineering relationships (taking into account the intact rock strength and the degree of fracturing, etc). Blair (2001) , on the other hand, uses joint cohesion (0.09 MPa) and friction angle (41 °) which are consistent with the discrete element model used. A detailed modeling of the ongoing Drift Scale Test is beneficial to further calibrate and constrain the rock mass strength properties and reduce uncertainties for the modeling of drift-wall behavior. However, while modeling results at the drift wall are uncertain, our results away from the drift agree with distinct-element modeling results by Blair (2001) and is also confirmed by observations at the Single Heater Test and the ongoing Drift
Scale Test conducted at Yucca Mountain. These tests shows very little evidence of inelastic rock mass behavior, and during heating the permeability is generally decreasing (Tsang and Birkholzer, 1999 , Sobolik et al., 1998 , CRWMS M&O, 1999a , CRWMS M&O 2000a .
Residual permeability at high thermal stress
In the longer term, at 1,000 years, our modeling shows that permeability decreases significantly in an area extending hundreds of meters above and below the drift ( Figure   6b ). The model simulation shows that the permeability decreases most in the vertical direction, by closure of vertical fractures. Such closure of vertical fractures has also been confirmed in calculations by Blair (2001) , using the alternative distinct-element approach. Our calculated magnitudes of permeability decrease-a factor of 0.1 in the upper non-lithophysal and 0.6 in the lower lithophysal (Figure 6b )-is strongly dependent on the residual fracture permeability. The residual fracture permeability was estimated from measurements at the Drift Scale Test, where a reduction of air-permeability values to 0.1 of their initial values was observed. As discussed in Section 3, this reduction could result from a combination of TM effects and relative permeability change with saturation. Although attributing all reduction to TM effect appears to be a "conservative" limit for the THM evaluation, considerable uncertainties still linger regarding this parameter. A re-evaluation of field observations at Yucca
Mountain, using the fully coupled model and, in particular, the on-going Drift Scale Test, will be of paramount importance to constrain the stress-permeability function further.
Furthermore, detailed air-permeability measurements are proposed at new heater tests at Yucca Mountain, which aim to determine the permeability changes induced by thermomechanical loading (stress increase), and in particular they aim to determine residual permeability sustained at high compressive stress.
CONCLUSIONS
The following conclusions may be made of the present study:
• A fully coupled THM model has been calibrated against ESF niche and Drift Scale Test data. The calibrated model predicts that during excavation of an emplacement drift located in the Tptpll rock unit, permeability around the mid section is expected to increase by one order of magnitude or more above and below the drift, while permeability on the side of the drift is expected to change much less.
• With waste emplacement and thermal input, thermal stress will reduce permeability all around the drift. Although this reduction is relative to the initial excavation-induced permeability increase, a net permeability decrease occurs after about one year of heating.
• In the longer term, thermo-mechanical effects will cause permeability changes far from the drift. Except in the region very close to the drift walls, there is permeability reduction caused by thermal stress, with the most changes found in vertical permeability. The reduction is a function of initial local permeability values, being larger for initially low values. At 1000 years, vertical fractures are fully compressed, having a permeability approaching their residual value.
• Despite permeability changes by up to one order of magnitude, the analysis indicates that HM coupling have no significant effect on the percolation flux pattern immediately above the drift. Consequently, for this particular problem, the HM coupling has no significant impact on the performance of the repository.
• Fracture stiffness and residual permeability at high thermal stress are two important parameters for the THM analysis, which suggests that additional thermal field tests and a further analysis of Drift Scale Test data are important to increase confidence in these parameter values. Determined by model calibration against air-permeability experiments at Niches and DST (see Section 3). Stock et al. (1985) and Lee and Haimson (1999 In the TH analysis the HM coupling (stress induced permeability changes) is not considered.
